[1] A comprehensive data set for young lavas erupted along the Alaska-Aleutian arc is used to examine how fluid and sediment transport rates and melting processes vary in response to systematic changes in subduction rate and dip along the arc and across the ocean-continent boundary. Positive correlations between convergence rate, volcano volume, and 238 U excesses suggest that magmatic output is closely linked to the size of the fluid flux which occurred <10 kyr prior to eruption. Sediment-sensitive tracers like Th/Nb, Ce/Ce*, and 10 Be/ 9
[1] A comprehensive data set for young lavas erupted along the Alaska-Aleutian arc is used to examine how fluid and sediment transport rates and melting processes vary in response to systematic changes in subduction rate and dip along the arc and across the ocean-continent boundary. Positive correlations between convergence rate, volcano volume, and 238 U excesses suggest that magmatic output is closely linked to the size of the fluid flux which occurred <10 kyr prior to eruption. Sediment-sensitive tracers like Th/Nb, Ce/Ce*, and 10 Be/ 9
Be also increase with convergence rate. However, the inferred 10 Be/ 9 Be ratio of this component is low relative to that in the incoming sediments, and this could reflect either sediment removal by accretion or storage in the mantle wedge for $0.5-1 Myr. Th/Nb and Th/Nd ratios exceed those expected from bulk sediment addition in the center of the arc suggesting that the enhanced sediment signal reflects transfer in a partial melt phase, whereas partial melts from the subducted oceanic crust appear to be restricted to the western tear in the Pacific plate. Therefore the thermal structure at the slabwedge interface in the center of the arc must lie close to, and possibly between, the sediment and basalt solidii and is thus constrained to be in the region of 670-740°C at 3 GPa. Elevated ( 230 Th/ 232 Th) ratios, the occurrence of 230 Th excesses and only modest 226 Ra excesses in many of the lavas are modeled as the products of dynamic melting effects superimposed upon a fluid-fluxed mantle wedge. The transition from oceanic to continental lithosphere seems to play an important role in determining the relative effects of fluid addition and partial melting upon U-Th disequilibria. We infer that the change from fast and steep plate subduction in the Aleutians to shallow and slow subduction, coupled with increasing lithospheric lid thickness, in Alaska together control slab and wedge temperatures and the rate of matrix flow through the melting region.
Introduction
[2] Subduction zones provide insights into the nature of crustal recycling and are the principal present-day sites of new crustal additions [Kay and Kay, 1991; Kelemen, 1995] . However, there has been debate over the extent to which the bulk continental crust is generated at arcs and whether partial melts of the subducting oceanic crust play an important role in this. Many recent geochemical models infer separate additions of sediment and fluid components to a mantle wedge source without the need for involvement of melts of the subducting basaltic crust [e.g., Class et al., 2000] . Thus the dominant flux into volcanic arcs from the mantle has been thought to be basaltic in composition, as is the flux which supplies the growth of continental crust [e.g., Ellam and Hawkesworth, 1988] . However, the debate has recently been reinvigorated through the suggestion that primary high Mg number andesites are more representative of the influxes into the arc crust than previously thought, and that these rarely erupted compositions are the key to the formation of average continental crust in arc settings [Defant and Drummond, 1990; Kelemen, 1995; Kelemen et al., 1998; 2003] .
[3] A second issue is that a better knowledge of the nature of the subducted components added to arc lavas, and in particular their temperatures of mobilization, would place important constraints on the thermal structure of the mantle wedge. For example, numerical models indicate that the subducting oceanic crust may only melt if it is young and hot [Peacock et al., 1994] . On the other hand, many recent geochemical studies have concluded that the sediment component in arc lavas was added to their mantle source as a partial melt [Plank and Langmuir, 1993; Hoogewerff et al., 1997; Class et al., 2000; Johnson and Plank, 1999; Elliott et al., 1997; Turner et al., 1997] . This would appear to imply slab surface temperatures in excess of those proposed in models by Davies and Stevenson [1992] and Peacock [1996] but lower than those required for melting of the oceanic crust [Nichols et al., 1996] . Thus it may be possible to bracket the likely temperature structure of the slab surface beneath the arc volcanoes.
[4] A third important question surrounding arc magma genesis is the extent to which a decompression melting effect on trace element and U series isotope ratios can be distinguished from those produced by hydrous flux-driven melting. Decompression melting beneath ridges and ocean islands is well supported by both major and trace element studies [e.g., Langmuir et al., 1992; McKenzie and Bickle, 1988] and by the presence of 230 Th excesses [e.g., Cohen and O'Nions, 1993; Volpe and Goldstein, 1993; Lundstrom et al., 1995] . Such 230 Th excesses could reflect melting processes in either garnet or spinel stability fields [Wood et al., 1999] . Several major and trace element studies have similarly argued for decompression melting beneath arcs [Plank and Langmuir, 1988; Pearce and Parkinson, 1993] , and Pickett and Murrell [1997] have independently shown that 231 Pa excesses are observed in most arc lavas and inferred that these reflect fractionation of Pa/U during melting subsequent to fluid addition of U. The 230 Th and 231 Pa excesses can be explained by differences in the melt and matrix velocities through the melting zone, and so Bourdon et al. [1999] have suggested that 231 Pa excesses in the Tonga-Kermadec arc could reflect dynamic, decompression melting, whereas Thomas et al. [2002] have modeled 231 Pa excesses in central America to result from flux melting in a downward convecting mantle wedge without any need for decompression. However, 230 Th excesses are rarely observed in arc lavas, and it is unclear whether this is because U excesses produced by fluid addition are too large to be completely overprinted by 230 Th increases produced during melting or whether this provides evidence that decompression melting does not generally occur in this tectonic setting [Condomines and Sigmarsson, 1993] . Rare exceptions to the scarcity of 230 Th excesses are arc lavas erupted through thicker continental crust such as in Nicaragua [McDermott and Hawkesworth, 1991; Reagan et al., 1994] and where the young and hot subducting oceanic crust undergoes partial melting under eclogite facies conditions [Sigmarsson et al., 2002] .
[5] The Alaska-Aleutian arc was chosen for this study because it provides a unique opportunity to address these three issues in a single arc, thereby circumventing potential problems of interarc variations. First, the Aleutians contain the type locality for adakites, which are thought to be partial melts from the subducted oceanic crust that have interacted with mantle peridotite [Kay, 1978] . Such rocks are also the basis of a recent reappraisal of the generation of high Mg number andesites in the far western Piip and Komandorsky islands by Kelemen et al. [2003] . Second, it was one of the first arcs where a clear signal from the subducted sediment was identified [Kay, 1980] . Third, the arc undergoes a transition from oceanic to continental crust at the Alaska Peninsula allowing the possible effects of increasing lithospheric lid thickness on the melting regime to be explored [cf. Plank and Langmuir, 1988] . Finally, because the curvature of the arc results in progressive changes in the angle of plate convergence, the rate of convergence changes smoothly from 7 cm yr À1 to effectively 0 cm yr À1 along its 2500 km length [DeMets et al., 1994; Fournelle et al., 1994] . Despite these alluring features, within over 1000 existing lava analyses (J. Myers and T. McElfrish, unpublished data compilation available at http://www.gg.uwyo.edu/aleutians/index.htm), there are, regrettably, only a handful published which have complete major, trace element and radiogenic isotope data. Here we present the results of a detailed study confined to very young Alaskan-Aleutian arc lavas which includes the first comprehensive investigation of U-Th-Ra and Be isotope variations along the length of the arc as far as Kiska volcano.
Alaska-Aleutian Arc
[6] The Alaska-Aleutian arc forms the northernmost segment of the circum-Pacific subduction system, and currently comprises 40 historically active volcanic centers superimposed on eighty volcanic edifices (Figure 1 ). At the easternmost end, the $50 Ma Pacific plate subducts obliquely beneath 30-40 km thick Alaskan continental crust [Fliedner and Klemperer, 2000] . The ocean-continent transition is marked by the break in slope at 164°W, and for clarity we subdivide the arc into Alaska and Aleutian segments to the east and west of this shelf break, respectively. At the continent shelf edge, convergence is broadly orthogonal, whereas at the far western end of the arc west of Buldir, the subducting Pacific plate tears in response to increasingly oblique convergence leading to elevated temperatures at the edge of the tearing slab [Yogodzinski et al., 2001] . In this unusual plate tectonic setting volcanic rocks are high Mg number andesites that are very different from the recent eruptives from the rest of the arc [Yogodzinski et al., 1994 [Yogodzinski et al., , 1995 . It is striking that as the rate of orthogonal convergence increases, so does the maximum subaerial volcano volume erupted in the last 3 Myr (Figure 2a ) [Marsh, 1982; Fournelle et al., 1994] . The eruptive products also change character along the arc from predominantly dacites and silicic andesites in the east, to basalts and basaltic andesites farther west in the oceanic sector. This is illustrated in Figures 2c and 2d where continental magmas show a greater tendency toward more evolved compositions from a mode of 50 wt % SiO 2 in the oceans to 58 wt% SiO 2 in the continents.
[7] Previous studies have suggested that some along-arc changes in arc magma geochemistry reflect the changing character of the subducting plate (e.g., the presence of fracture zones (Figure 1 ) [Singer et al., 1996] ) and variations in the length of the melting column resulting from changes in the thickness of the overlying lithospheric lid [Plank and Langmuir, 1988] . By implication, these contrasting models highlight different aspects of the melting ECV process: hydrous flux-driven melting and decompression melting, respectively.
[8] The down-going plate delivers a variable sediment flux of <50-95 g cm yr À1 [Kelemen et al., 2003 ] to the arc depending on sediment thickness and convergence angle (Figure 2b ). The transit time from the trench to beneath the arc volcanoes varies in sympathy with the convergence angle, and it ranges from 3 to 17 Myr (Figure 2b ). The compositions of sediments on the down-going Pacific plate are well characterized from analyses of Deep Sea Drilling Project (DSDP) Legs 178 and 183 drill hole sediments [Plank and Langmuir, 1998 ]; (see Figure 1) . The succession comprises $200 m of diatomaceous oozes, <50 m of green clays and $100 m of clastic turbidites and arc-derived volcaniclastics [Geist et al., 1988] . Comparatively greater continental erosion from mainland Alaska to the east and Kamchatka to the west gives rise to more terrigenous material at each end of the arc compared with the pelagicdominated central arc region. A distinctive feature of the bulk composition of the downgoing sediment pile is that it has high abundances of Ba, U, Cs, Pb, and Rb due to the high biological productivity of the pelagic diatomaceous oozes [Plank and Langmuir, 1998 ].
Analytical Techniques

Sample Selection and Description
[9] The most primitive and youngest available samples spanning the length of the arc (Figure 1 ) were chosen for analysis (16 from Alaska and 14 from the Aleutians). With the exception of two samples, all lavas are from volcanoes at the volcanic front at $100 km above the slab. The exceptions are Bogoslof, a true rear arc volcano,; and the Ukinrek sample, a ne-normative alkali olivine basalt erupted from a position $115 km above the Benioff zone [Kienle et al., 1979; Kienle and Swanson, 1983] . Most of the samples come from the Alaska Volcano Observatory (AVO) collection at Fairbanks. Five historic lavas from the collection of R. Kay which were analyzed for U-Th isotopes by Newman et al. [1984] and Turner et al. [1998] and Be isotopes by Morris et al. [1990] are represented here supplemented with new ICP-MS trace element data and Ra isotope analyses. KG21, from Kanaga, is a lava first presented by Brophy [1990] . Samples 54-445 (Kiska), 54-452 (Segula), 52-496 (Little Sitkin), and 46A-By531 (Okmok) are from the collection of M. R. Perfit. Sr and Nd isotopes for the Okmok, Kiska and Segula samples were presented by McCulloch and Perfit [1981] , but they have been reanalyzed here. One of the Akutan samples (AK81-35) was first reported by Romick et al. [1990] , and since this sample was powdered in tungsten carbide leading to an anomalous Nb/Ta ratio, its Ta concentration is not presented here. Although the majority of samples are likely to be from historic eruptions (see Table 1 ), only those with known historic eruption ages have been analyzed for 226 Ra. The remaining samples are all considered to be much less than 10 kyr old and are thus amenable to U-Th isotope measurements without need for any age correction. Finally, samples of the incoming sediments at DSDP Site 183, and also for Site Nye et al., 1998 ]. Historically active volcanoes are shown as shaded circles [Wood and Kienle, 1990] , while the active volcanoes analyzed in this study are labeled. Volcanoes are subdivided on the basis of geographic position into intraoceanic (Aleutians sensu stricto) and continental (Alaskan) and these symbols are used in subsequent figures. Convergence vectors and rates of subduction of the Pacific plate beneath the North American plate [DeMets et al., 1994] and the positions of the Rat, Adak, and Amlia fracture zones on the down-going plate are shown [Geist et al., 1988] , along with the positions of DSDP sites 183 and 178 [Creager et al., 1973] . Faults in mainland Alaska are shown as bold lines and contours are in meters below sea level.
186 inboard of the trench (see Figure 1) were analyzed for 10 Be, 9 Be, and B concentrations.
Major and Trace Elements
[10] Most XRF major element analyses were measured at the AVO and techniques are described in Appendix A of Nye and Turner [1990] . The remainder (Kiska 62, 99SJP01, NW95 1, and CNBC01) were analyzed at the Open University using techniques described by Potts et al. [1984] . Trace elements were measured by ICP-MS at Durham University for which powders were digested using standard HF-HNO 3 treatments, ensuring that no fluoride residues formed. Internal drift was monitored by spiking with Rh, In, and Bi before dilution to 3.5% HNO 3 . Solutions were analyzed on a Perkin-Elmer-SCIEX Elan 600 inductively coupled plasma mass spectrometer using a cross-flow nebulizer. Oxide interferences for most analyses were much less than 2.5% of the total signal. Corrections were made using oxide/metal ratios measured on matrix-matched standard solutions, while calibration was achieved using matrixmatched international and in-house reference materials. Total procedural blanks for all elements were negligible for all analyses. Reproducibility, based on replicate digestions of standards and samples, varied between 1.5% and 3% for all analyses. The ICP-MS trace element data for sample SAR 7 were provided by T. Plank and were analyzed on a different aliquot to that on which the major element and isotope data were determined.
[11] Samples for Li and Be analysis were prepared via HF:HClO 4 acid digestions followed by suspension and dilution to 100:1 in 1M HNO 3 , as per Ryan and Langmuir [1987, 1988] , and were analyzed via direct current plasma (DCP) emission spectrometry at the University of South Florida following standard additions methods. The precision of these measurements is 15%. Samples for B analysis were prepared via the Na 2 CO 3 fluxed fusion method described by Ryan and Langmuir [1993] . These solutions were analyzed via DCP methods using a matrix-matching method: gravimetric B standards from 0 to 0.5 ppm B were prepared in a matrix of $11,000 ppm Na (i.e., 2 g Na 2 CO 3 , neutralized with HNO 3 , per 50 mL solution). Unknowns were measured against a working curve developed from these standards. Reproducibility of B standards and overall precision vary with concentration: 5% above 10 ppm and 10% below.
Radiogenic Isotopes
[12] Sr, Nd, and Pb were separated by standard chromatographic exchange separation techniques following HF-HNO 3 dissolutions at either the Open University or at Adelaide University. The Nd isotopes for samples  CNBC01, 99SH08, AK81-35, 96PN08, 99SJP01, KG21, 52-496, 54-452, 54-445, and Kiska 1962 Brophy [1990] . Pb isotopes were analyzed either on a Nu-Instruments multicollector ICP-MS at the Open University using Tl for mass fractionation correction [Belshaw et al., 1998] or by thermal ionization mass spectrometry at Adelaide University, in which case isotope ratios were corrected for $1% per atomic mass unit mass fractionation using the recommended values of NBS 981 [Todt et al., 1996] . Total procedural blanks were less than 1 ng, 500 pg, and 500 pg for Sr, Nd, and Pb, respectively.
U-Th-Ra Isotopes
[13] U-Th-Ra separations were carried out on standard HF-HCl-HNO 3 dissolutions to which a mixed 229 Th-236 U tracer had been added. Samples were treated with HCl and Newman et al. [1984] for the same lava.
[14] Ra was separated from samples with known historic eruption ages (erupted from 1796 to 1999 A.D.). Samples marked with a dash in Table 1 were not analyzed. Powders were weighed to yield $50 fg of Ra, and spiked with 228 Ra to achieve a 228 Ra/ 226 Ra ratio of $1. Ra was preconcentrated from the elutant collected from the anionic columns used for U-Th separation using a double pass through cation exchange resin, using HCl, H 2 O, and HNO 3 as elutants. Ra and Ba were separated by chromatographic separation using ElChrom Sr spec resin 2 and HNO 3 as the elutant. Samples were loaded onto degassed Re filaments with a Ta-HF-H 3 PO 4 activator solution. Samples were analyzed dynam- ically on the Finnegan MAT 262-RPQII-SEM at the Open University. Analytical precision was better than 1% (2s).
Repeat analyses of a sample from Mount Lassen and an inhouse standard (ThITS) were used to assess the accuracy and reproducibility of the analyses which is estimated to be $1.3% for ( 226 Ra/ 230 Th) ratios [Turner et al., 2000] . Total procedural blanks were below detection limits (<0.1 fg g À1 ). Throughout this paper, we use brackets to denote activity ratios and the decay constants used in the calculation of activity ratios and for age correcting the 226 Ra data were 
Be Isotopes
[15] The 10 Be separations were carried out at Washington University from a carefully chosen subset of samples which were of well-constrained age as well as being visibly fresh. Outer surfaces were removed from large hand specimens to a depth of >1 cm. Samples were then chipped and prehistoric samples were carefully leached in 1 N HCl for 1 hour Be being $50% of total for the Seguam sample and about 100% of the low amount of the Aniakchak lava. All others had negligible leachable 10 Be. Total chemistry blanks for rock samples were <0.02 Â 10 6 atoms g À1 ± 50% and <0.05 Â 10 6 atoms g À1 for leachates. A detection limit of 0.1 Â 10 6 atoms g À1 for the volcanic samples has been adopted.
Results
[16] The complete major, trace element, Sr, Nd, Pb, UTh-Ra, and Be isotope data set for the lavas is presented in Table 1 , while Be isotope and B concentration data for the sediments are presented in Table 2 .
Major and Trace Elements
[17] The lavas have been subdivided according to their position along the arc with samples erupted through continental crust (Alaska) marked with open symbols and those erupted through oceanic crust (Aleutians) with solid symbols (Figure 1) . Most of the samples are basalts and basaltic andesites (Figure 3 ), and they are from both the tholeiitic and calc-alkaline rock series according to the SiO 2 -FeO/ MgO diagram. The two Redoubt samples (RDSS-3 and 90CNR12), Bogoslof (BOG 1796), and the Little Sitkin sample (52-496) are andesites. Sample 97NT18 is an andesitic enclave in a dacitic host lava (97NT28) from the 1964 New Trident eruption reported by Coombs et al. [2001] . One of the Aniakchak samples (94AMC2) is also a dacite.
[18] Mg numbers (Mg # = (Mg 2+ /(Mg 2+ + Fe 2+ ))*100) cover a similar range in both Alaskan and Aleutian lavas (35 to 72). K 2 O-SiO 2 variations (Figure 3) show that the bulk compositions of both suites are broadly similar, but on average, the Alaskan samples have higher silica contents. Most of the data lie at the less evolved end of the arc-wide published database (see Figure 3 caption for data sources), and they also have lower silica contents than the high Mg number andesites erupted at Piip and the Komandorskys in the west [Yogodzinski et al., 1995] . CaO/Al 2 O 3 ratios range from 0.13 to 0.79, although some volcanoes lying on continental crust (e.g., Shishaldin, Ukinrek, Katmai, Augustine) show trends of sharply decreasing CaO as MgO decreases, with consequently low CaO/Al 2 O 3 ratios. CaO/ TiO 2 ratios are sensitive to, and increase with, the degree of wedge depletion (in rocks that are primitive enough not to have crystallized magnetite) [Falloon et al., 1988; Turner and Hawkesworth, 1995] . In the Aleutian-Alaska data, CaO/TiO 2 ratios show a moderate increase from an average of 8 in Alaska to 13 in the Aleutians in samples with <56 wt% SiO 2 .
[19] Normalized trace element patterns for the most mafic samples from Alaskan and Aleutian parts of the arc are plotted in Figures 4a and 4b , as are the two weighted mean compositions of Aleutian sediments from Plank and Langmuir [1998] . The patterns are typical of island arc lavas, with characteristic large ion lithophile element (LILE) enrichments and high field strength element (HFSE) depletions relative to mid-ocean ridge basalts (MORB) [Sun and McDonough, 1989] . One striking discriminant between oceanic Aleutian and continental Alaskan lavas is their Nb (and Ta) concentrations (Figure 4b ). In the least differ- entiated samples (below 56 wt% SiO 2 ), Nb ranges from 1 to 3.4 ppm in the Aleutian basalts, while in Alaskan rocks it ranges from 3.8 to 9 ppm. This is in part a reflection of the fact that the Aleutian rocks have lower abundances in many trace elements, consistent with their higher CaO/TiO 2 ratios, but one consequence is that they have, for example, higher LIL/HFSE and Th/Nb ratios (0.3 -1.2 in the Aleutians, 0.18 -0.75 in Alaska) which is a feature of more depleted arc compositions [e.g., Gill, 1981; Elliott et al., 1997; Turner et al., 1997] . The lavas are moderately enriched in light rare earth elements (REE) and possess negative Ce anomalies with Ce/Ce* ranging from 0.99 to 0.94. The Shishaldin sample shows higher absolute middle REE abundances without corresponding LILE enrichment, despite its undifferentiated bulk composition (SiO 2 = 49 wt%). The trace element profiles of the two bulk sediment compositions are similar (Figure 4 ), except for greater LILE enrichments in DSDP 183 which is west of DSDP 178 (Figure 1 ).
Radiogenic Isotopes
[20] Isotopically, the samples overlap with published analyses for the Alaska-Aleutian arc ( Figure 5 ) [McCulloch and Perfit, 1981; Morris and Hart, 1983; Von Drach et al., 1986; Singer et al., 1992; Miller et al., 1994; Class et al., 2000; Yogodzinski et al., 1994; 1995; Kelemen et al., 2003 Nd compositions are also similar in both the Aleutian (0.51292 -0.51305) and Alaskan rocks (0.51287 -0.51305) with the exception of Buzzard Creek that has a 143 Nd/ 144 Nd of 0.51250. The lavas lie broadly between the MORB and sediment fields whereas data reported from Piip and the Komandorsky islands [Yogodzinski et al., 1995] in the far western Aleutians overlap the MORB field ( Figure 5) Figure 5 ). In Pb isotope space the Piip and the Komandorsky lavas are again distinct, having much less radiogenic Pb [Yogodzinski et al., 1995] .
Uranium, Thorium, and Radium Isotopes
[21] U-Th disequilibria extend from modest Th excesses of 30% to more typical and larger, 75% U excesses ( Figure  6a ). Overall, ( 230 Th/ 232 Th) ranges from 0.8 to 1.7 but it is notable that many of the oceanic Aleutian lavas have Th isotope ratios that are similar to, and rarely lower than, the average sediment from DSDP Site 183 (Figure 6a ) which has a ( 230 Th/ 232 Th) ratio of 1.3 (calculated from bulk sediment U/Th ratio [Plank and Langmuir, 1998] [Sun, 1980; Ben Othman et al., 1989; McDermott and Hawkesworth, 1991] . Finally, the back-arc Bogoslof sample has a near-equilibrium composition at a ( . This is similar to the activity ratio of bulk continental crust calculated from average crustal U/Th ratios [Taylor and McLennan, 1985] .
[23] The Aleutian samples preserve modest ( 226 Ra/ 230 Th) excesses up to 110% (Figure 6b ), although Bogoslof is notable for its extreme 226 Ra enrichment (300%), and falls outside of the scale of Figure 6b . The 226 Ra excesses occur throughout both oceanic and continental suites, and are not well correlated with 238 U-230 Th disequilibria ( Figure 6b ). As shown elsewhere, these 226 Ra excesses are unlikely to result from seawater alteration [Turner et al., 2000] . D Ra in plagioclase is $0.09 (J. Blundy, personal communication, 2002) , and analyzed arc plagioclases typically have <10 fg g À1226 Ra (R. George and S. Turner, unpublished data, 2002 ) compared with several hundred femtograms per gram [Yogodzinski et al., 1994 [Yogodzinski et al., , 1995 . The back-arc Bogoslof sample (B) is distinguished by its high K 2 O content. All others lie within the medium-K field of Le Maitre et al. [1989] . Alaskan samples extend to more evolved compositions than the relatively restricted range of the Aleutian data. 226 Ra typical of arc lavas; therefore accumulation of young plagioclase is also unable to account for the observed 226 Ra excesses. Rather, the 226 Ra excesses are inferred to be derived from the source region (see further discussion below). When the rear arc Bogoslof sample is removed, there is only weak evidence for a positive correlation of Ra excess with Ba/Th ratio as seen in other arcs worldwide (Figure 6b, inset) [Turner et al., 2001b] . Be ratios range from below detection limits (<0.1) in the eastern Alaskan samples to a peak of >14 Â 10 À11 in the intraoceanic arc at Kasatochi (Table 1) . The 10 Be/ 9 Be ratios correlate well with 10 Be concentrations (r 2 = 0.8) for all samples except the rear arc lava from Bogoslof and show no systematic variation with 9 Be concentrations. The data lie within the range already reported for the Aleutians [Morris et al., 1990] Be ratios show a good negative correlation with Ce/Ce* (Figure 7a ). [Plank and Langmuir, 1998 ] is shown as a gray line.
[25] B concentrations in the arc rocks (1 -32 ppm) are significantly higher than those observed in MORB, and fall within the range previously reported for Aleutian lavas [Ryan and Langmuir, 1993] . Li concentrations range from 6 to 23 ppm in the Alaskan lavas, but show a more restricted range in Aleutian lavas (7 -14 ppm). B/Be ratios in our lavas range from 1.5 to 55, and form a broadly positive correlation with 10 Be/ 9 Be, as previously observed by Morris et al. [1990] . Samples from behind the volcanic front (Bogoslof) have anomalously low B/Be due to subduction-related B losses [e.g., Ryan and Langmuir, 1993] Be and B concentration data for the incoming sediments at DSDP Site 183, and also for Site 186 inboard of the trench (see Figure 1 ). These sediments are diatomaceous silty clays and diatom oozes with volcanic ash interbeds. They have 10 Be concentrations that are highly variable and often lower than are typical of those being subducted beneath the Mariana or Central America arcs [Morris et al., 2002] . Near-surface sediments with particularly low 10 Be typically contain >50% volcanic detritus [Creager et al., 1973] , found in rapidly deposited ash layers or hemipelagic sediments and turbidites that have settled quickly through the water column. An exponential curve may be fitted to the data for Site 183, with a correlation of 0.83. The total amount of 10 Be in the incoming sediment column (calculated by integrating under the 10 Be depth curve (Figure 7b) , and expressed as the number of atoms per square centimeter from sediment-seawater interface to the base of the column) is 9.7 Â 10 12 atoms cm
À2
. This amount of 10 Be is less than that being subducted beneath Japan or Central America, and greater than that entering the Mariana trench [Morris et al., 2002] . Because of the high sedimentation rates over the last 10 Myr, 10 Be is present in the sediment column to about 200 meters below the seafloor. Be concentrations of about 0.8-1.3 ppm, B concentrations of 50-100 ppm, and B/Be ratios of 50-100 are typical of oceanic sediments with moderate to large terrigenous input. In comparison, DSDP Site 186 sediments are from inboard of the trench and yet they have Be isotope systematics broadly similar to those of the incoming plate, highlighting the large volcaniclastic contribution to both localities (Figure 7b) . Extremely high recent sediment rates of 145-175 m/Myr over the last 6 Myr [Koizumi, 1973] mean that 10 Be is present throughout the sediment column at Site 186. The 10 Be depth profiles show no pattern characteristic of imbricate thrust packets as seen in the Japan forearc [Morris et al., 2002] .
Along-Arc Variations
[28] One of the aims of this study was to examine along-arc variations in selected chemical and isotopic signals and in particular across the oceanic-continental arc transition. Systematic along-arc variations are rare worldwide (see Lesser Figure 3 and Von Drach et al. [1986] and McCulloch and Perfit [1981] . The small symbols are those with >56 wt% SiO 2 . The data are compared with northeastern Pacific plate sediments [Peucker-Ehrenbrink et al., 1994; Plank and Langmuir, 1998; Kelemen et al., 2003] , northeastern Pacific MORB [Langmuir et al., 1992] and far western Aleutian lavas [Yogodzinski et al., 1994 [Yogodzinski et al., , 1995 . (Figure 8b ), but in the oceanic rocks the lowest values occur at the site of maximum convergence rate. With one exception, the continental rocks all appear to have similar Ce/Ce* around 0.96 -0.97. The Be isotope data show striking along-arc systematics, particularly when they are compared with calculated sediment transit times (the length of time taken for material to be transported from the trench to beneath the different island arc volcanoes) in Figure 8c . At the western end of the arc, a lava from Kiska has a small but real Be will have decayed in 9 Myr, or 6 times the half-life). By comparison, for Spurr and Redoubt volcanoes, the wide arc-trench gap makes for very long subduction times allowing complete 10 Be decay in the sediments during transport to the depths of magma generation. Finally, Figure 8d highlights that Th/Nb ratios reach their peak where Be isotope ratios are greatest, and the lavas from the center of the oceanic sector have significantly higher Th/Nb ratios (>0.7) than those either further east or west (Th/Nb < 0.7). It is argued below that these high Th/Nb ratios reflect partial melting of the subducted sediment.
Discussion and Interpretation
[29] This section first considers the effects of crustal contamination, with emphasis on Th isotopes, which may be a more sensitive indicator of crustal contamination in geologically young terrains than longer half-life isotope systems. Having identified samples which appear not to have been contaminated significantly with crustal material, we consider the evidence for partial melts from the subducted slab, the timescales of sediment transport, and melt generation models and whether these change with tectonic and thermal regimes along the arc.
Crustal Contamination
[30] The rocks analyzed were selected because they were young enough for U series isotope studies, and they are not Table 2 ). Best fit exponential curve (solid gray line) has been fitted to the data for Site 183; the total amount of 10 Be in the sediment column supplied to the subduction trench is calculated by integrating under the curve. The results and the lithologies for Site 183 are summarized in Table 3 . Drilling at Site 186 penetrated 926 m of diatomaceous silty clay and diatom oozes with frequent volcanic ash and sand layers and occasional thin carbonate-rich horizons. All sediments are described as unit A, correlative to unit A at Site 183 [Creager et al., 1973] . necessarily cogenetic. Since they were sampled over 2500 km along the arc, it would be unlikely to find tight correlations between isotope ratios and indices of differentiation and/or crustal contamination. Further, in the igneous basement rocks of Alaska and the Aleutians, Sr isotope ratios are low (0.7024 on average) [Arth, 1994] , and so in some areas, there may be no marked Sr and Nd isotope differences between likely contaminants and the arc lavas. Exceptions include the Buzzard Creek lava and to a lesser extent the more evolved samples from Spurr and Redoubt. These also have lower Th isotope ratios than the rest of the suite (Figure 6 ). In general, the more a melt has crystallized, the more chance there is that it has assimilated wall rock. Thus we have omitted rocks with >56 wt % SiO 2 from the following discussion to minimize the likely effects of crustal contamination (they are subsequently plotted as small circles).
[31] Although there may have been insufficient time to have developed differences in the Sr, Nd, and Pb isotope ratios of the crustal rocks and new mantle-derived magmas, differences in Th isotopes may be generated in a few tens of thousands of years. The effects of crustal contamination can therefore be inferred from Th isotopes as illustrated on a plot of ( 230 Th/ 232 Th) versus 143 Nd/ 144 Nd ( Figure 9 ). Here we compare the data for the Alaska-Aleutian rocks with those for the DSDP sediments and average continental crust. The Th isotope ratios were calculated from the measured U/Th ratios, assuming short-lived isotope equilibrium. The crustal compositions have very low U/Th ratios, and hence low Th isotope values, and these will be developed on a much shorter timescale (350 kyr) than that required for Nd isotopes to reflect the low Sm/Nd ratios of continental crust. The estimated low Th and Nd isotope ratios of the continental crust offer a satisfactory end-member for the Buzzard Creek [Stolper and Newman, 1994] , Aleutian sediment [Plank and Langmuir, 1998 ] and continental crustal compositions using elemental concentrations from Rudnick and Fountain [1995] . Isotope ratios for continental components were assumed to be close to that of the down-going sediments as they are essentially sourced from mainland Alaskan continental crust. Lithological components in DSDP 178 and 183 holes are shown (stippled field). Samples with greater than 56 wt% SiO 2 are plotted as small symbols. [32] The oceanic samples show restricted ranges in Nd and Th isotopes and lie close to the mantle-sediment mixing array (Figure 9 ). Sediment largely dictates the ( 230 Th/ 232 Th) of the mantle source for these samples [e.g., Turner et al., 1996; Elliott et al., 1997] , and few intraoceanic samples have Th isotope ratios lower than this. The continental samples on the other hand, show the same range in Nd isotopes but trend toward higher Th isotope ratios. This is not controlled by contamination with average crust nor by subducted sediment as represented by samples from the nearest DSDP hole (178) which have lower rather than higher inferred Th isotope ratios of $1.2 ( Figure 9 ). As discussed in more detail below, it might be due to (1) longer periods of time between the introduction of high U/Th fluids from the slab and eruption and/or (2) shifts to higher ( 230 Th/ 232 Th) ratios during partial melting. Thus, apart from the Buzzard Creek, Redoubt and Spurr samples, the rocks analyzed do not have the low Th isotope ratios inferred for even young continental crust, nor are they displaced toward such material. We therefore argue that the U-Th systematics, and by implication the other isotope and trace element characteristics, of most of the low SiO 2 samples have not been significantly perturbed by crustal contamination, and they are interpreted to reflect processes intrinsic to their mantle source regions.
Partial Melts From the Subducting Plate
[33] A number of studies have argued that some island arc magmas contain contributions from melts of basalt [Defant and Kepezhinskas, 2001; Yogodzinski et al., 2001; Kelemen et al., 2003] and/or melts of sediment [Elliott et al., 1997; Turner et al., 1997; Hoogewerff et al., 1997; Johnson and Plank, 1999; Class et al., 2000] derived from the subducted oceanic plate. We now consider these possibilities separately.
Partial Melts of Basalts in the Subducted Crust
[34] Basaltic rocks in the down-going crust convert to eclogite at depths of >65 km [Evans, 1990; Peacock, 1996] . Existing thermal models suggest that this part of the slab melts only if young, hot crust is subducted [Peacock et al., 1994] . However, these thermal models appear to conflict with geochemical evidence that subducted sediments undergo partial melting beneath many arcs Turner et al., 1997; Johnson and Plank, 1999; Class et al., 2000] . Recognition of slab-derived melts of basaltic crust typically relies on evidence for the presence of residual garnet and in some cases rutile, although residual rutile may also be present during partial melting of sediment Elliott et al., 1997; Class et al., 2000] . Yogodzinski and and Kelemen et al. [2003] regarded high Sr/Y, Dy/Yb and La/Yb ratios in the far western Aleutians as particularly characteristic of partial melts from the slab, and concluded that these slab melts also had high Th/Nb because of the presence of residual rutile. They further suggested that such components might be present along the length of the oceanic Aleutian arc. However, the young samples analyzed in our study are all from volcanoes east of the far western Aleutians and none have those distinctive high Sr/Y, Dy/Yb, and La/Yb ratios (Figures 10a and 10b) . Rather, their Sr/Y ratios are in the range for ''normal'' arc lavas (<50 [Gill, 1981] ), and they have low and restricted La/Yb, Li/Yb, and Tb/Yb ratios. Assuming a sediment-modified MORB mantle source, the range of La/Yb ratios in the lavas of this study are consistent with an average degree of melting of 12% (Figure 10a ). Using these parameters, the Tb/Yb ratios in Figure 10b have been calibrated for percent residual garnet (Figure 10b ). As can be seen none of the lavas of this study require residual garnet on the basis of Tb/Yb ratios, suggesting that residual garnet was not present during melting (Figures 10a and 10b) .
[35] In order to assess whether slab melting was an important process in the past in the Aleutians, we have also plotted the available data from older lavas on Figure 10 . It can be seen that on several islands, the older lavas extend to higher La/Yb and Tb/Yb than any of the young samples analyzed in this study. If the same source composition is relevant, these higher ratios may indicate a role for residual garnet during magma genesis in the past but there is no evidence that it was ubiquitous.
[36] Partial melts of the subducted Pacific basaltic crust are likely to be indistinguishable from Pacific mantle wedge in relatively immobile radiogenic isotope ratios such as 143 Nd/ 144 Nd. However, partial melting of basalt in eclogite facies will strongly increase Th/Nd ratios in the melts due to the incompatibility of Th relative to REE in clinopyroxene and garnet [Blundy et al., 1998; Wood et al., 1999] . Thus, on a plot of 143 Nd/ 144 Nd versus Th/Nd, a mantle wedgeeclogite mixing vector is horizontal and, as Figure 11a shows, this cannot be primarily responsible for the Alaska-Aleutian data. The dashed mixing lines on Figure  11a show that a more complex model, involving mixing between a mantle wedge, containing $1% eclogitic melt, and bulk sediment could, in principle, explain much of the data. Such a model is difficult to test, but there is some evidence suggesting that the elevated Th/Nd ratios primarily reflect contributions from subducted sediment. First, slab melts formed in the presence of residual garnet will have 230 Th excesses as observed in adakitic melts from Mount Shasta and the austral Andes [Newman et al., 1986; Sigmarsson et al., 1998 ]. However, in the Aleutians, Be ratios which confirms that the elevated Th/Nd ratios occur in those rocks containing larger sediment contributions (Figure 11b ). In summary, the isotope and trace element evidence for partial melts of basaltic subducted crust is best seen in lavas from the far west of the Aleutians where slab surface temperatures are anomalously hot due to plate tearing (Figure 10 ) [Yogodzinski et al., 2001] . Contributions from such a component are much harder to identify in the young rocks of this study to the east, but if present they are likely to be no more than 1% (Figure 11a ). Such small contributions will not significantly raise the silica content of unfractionated (high Mg number) magmas entering the lithosphere and so are unlikely to be the key to the formation of average continental crust.
Subducted Sediment Input
[37] Kelemen et al. [2003] appeal to an absence of systematic along-arc variations in sediment indicators and between sediment indicators and radiogenic isotopes in their data set as one of their motivations for exploring the possibility of contributions from partial melts of the basaltic subducted crust. However, our data provides compelling evidence, from Be isotopes, the Ce anomalies, and the ThNd isotope variations (Figure 9 ), that at least the young Aleutian-Alaskan lavas contain significant contributions from subducted sediment and that these do vary systematically along arc (Figures 8b and 8c) . Such contributions may in principle be transferred as bulk sediment scraped off the down-going slab, as partial melts, or in fluids released during dehydration. Our approach is to evaluate whether the sediment end-member has trace element ratios within the range of those in the bulk sediments, or whether they are fractionated and in that case whether those fractionations are due to partial melting or fluid release [e.g., Elliott et al., 1997; Hawkesworth et al., 1997; Turner et al., 1997; Class et al., 2000] .
[38] Sediment addition as a partial melt has been inferred from departures of Th/Nb and Th/Nd ratios from bulk sediment-mantle mixing lines for Aleutian lavas from Umnak Island [Class et al., 2000] . Our data show a similar feature (Figure 11a) where many of the rocks have higher Th/Nd ratios than that predicted by simple mixing between MORB source mantle and bulk sediment. The amounts of sediment involved (<3%) are similar to those inferred from Figure 9 , but the higher Th/Nd ratios in the volcanics are Figure 5 . Righthand axis shows melt fraction calculated from nonmodal batch melting of a MORB source mantle plus 1% Aleutian sediment melt with a source mineralogy of 43% olivine, 42% orthopyroxene, and 15% clinopyroxene using partition coefficients from Blundy et al. [1998] and Halliday et al. [1995] . Dotted line shows average melt fraction indicated by the data of this study. (b) Tb/Yb variations along the Alaska-Aleutians comparing the data presented in this study along with data from Piip and the Komandorsky islands [Yogodzinski et al., 1994 [Yogodzinski et al., , 1995 and older lavas. Maximum permissable proportion of garnet in the mantle source is shown on right-hand axis and was calculated using the same model as Figure 10a assuming 12% partial melting as determined from Figure 10a (this model is relatively insensitive to the amount of sediment added to the source). High Tb/Yb ratios, that would allow for derivation from a source bearing residual garnet, are observed only in the far west and in some of the older lavas on a couple of islands.
ECV most simply attributed to fractionation during partial melting of the sediment. Th is less mobile in fluids than Nd [Brenan et al., 1995] , and so the fractionation to higher Th/Nd ratios cannot reasonably be due to mobilization of the sediment component in hydrous fluids. Figure 11a therefore presents a mixing line between a MORB mantle source and a small degree (2%) partial melt of DSDP 183 bulk sediment, showing that this could be a plausible mechanism for the fractionation of Th from Nd. Not all of our data require Th and Nd to have fractionated from each other during sediment partial melting. Samples from Kiska, Shishaldin, Pavlof, Ukinrek, and Spurr can be explained by variable mixing of bulk sediment with MORB mantle without recourse to partial melting. Thus it is largely those rocks from the central oceanic sector of the arc that appear to require addition of the sediment component as a partial melt.
[39] Negative Ce anomalies in lavas (Figure 8b ) are widely regarded as a fingerprint for oceanic sediments, and yet they are not observed in the DSDP 183 and 178 sediment cores [Plank and Langmuir, 1998; Toyoda et al., 1990] . However, neither drill hole intersects all of the lithologies present along the Aleutian arc. DSDP 183 comprises trench axis turbidites underlain by the Zodiak fan turbidite sequence but this lenses out westward into diatom-rich pelagic oozes [Kelemen et al., 2003] . Pelagic lithologies are much more likely to show Ce anomalies than terrigenous ones because they contain appreciable fish debris with Ce depletions inherited from seawater [Toyoda et al., 1990] . We are confident that the Ce anomalies are not analytical artifacts because their range is beyond analytical error, and they are also observed in other high-quality ICP-MS data sets for Aleutian volcanics [Weber, 1998; Class et al., 2000] . Moreover, the Ce anomalies also correlate positively with 10 Be/ 9 Be ratio in the Aleutian segment (Figure 7a ). Ce anomalies can be generated during interaction between melt and highly oxidizing fluids [Rogers and Setterfield, 1994] , but the largest fluid signals are found in samples with the smallest Ce anomalies (see Figures 8a  and 8b) . Alternatively, the Ce anomalies could be produced and/or enhanced during sediment partial melting under oxidizing conditions, or they may just indicate that the sediment being subducted in the central Aleutians is different from that sampled at the DSDP drill holes.
Sediment Dynamics
[40] The amount of sediment-derived 10 Be in arc volcanic rocks depends on the 10 Be/ 9
Be ratio of the incoming sediments, the fate of the uppermost sediments through the forearc, and the time required to subduct sediments to the depths of magma generation. Calculated estimates of the bulk sediment composition are given (Tables 2 and 3) , showing the effects of varying subduction time on endmember isotopic ratios. The effects on the Be isotope composition of accretion of the upper 5, 10, 15, and 40% of the incoming sediment column are reported in the caption. Continental Alaskan lavas east of Westdahl (160 -150°W) have variable 143 Nd/ 144 Nd at zero 10 Be (Spurr, Redoubt, Trident, Ukinrek, and Aniakchak volcanoes). Figure 2b shows that Spurr and Redoubt volcanoes, east of 155°W, are characterized by long transit times such that all 10 Be would decay during subduction. For Trident, Figure 11 . (a) Plot of Th/Nd versus 143 Nd/ 144 Nd of Aleutian-Alaskan lavas compared with mixing trajectories for bulk sediment-modified mantle and mantle modified by mixing with a sediment partial melt constructed by batch melting DSDP 183 with a 20% biotite, 70% plagioclase, 10% rutile residual mineralogy. End-member compositions are given in Figure 9 . The melt fraction was assumed to be small (2%), and Nd was made more compatible in rutile than Th. Sample 54-445 (Kiska) has the lowest Th/Nd ratio of the Aleutian suite but is still within the potential range of mantle-sediment mixes if the range of Th/Nd ratios exhibited in N Pacific sediments is considered. Also shown is a trajectory for mantle modified by the addition of eclogitic partial melts of the basaltic subducted crust. Be versus Th/Nd showing that those rocks with the highest Th/Nd ratios also have the highest 10 Be/ 9 Be, suggesting that it was the addition of sediment melts, rather than partial melts of the basaltic subducted crust, that was responsible for the elevated Th/Nd ratios. Spurr, and Aniakchak (155-160°W) transit times (4 -4.5 Myr) are short enough that some 10 Be would be present in the subducting sediment column. The trend toward a subducted end-member with near-zero 10 Be in Figure 12 suggests that the sediment component in the eastern arc has either spent additional time aging during subduction in the mantle or more sediment has been lost by accretion. Accretion of the upper 40% of the sediment column or a total 10 Be transit time of $9 Myr (subduction plus any mantle storage time) would produce a sediment component with a 10 Be/ 9 Be ratio of <4 -5 Â 10 À11 , consistent with the mixing trend for lavas east of Westdahl.
[41] More interesting, perhaps, are the data for volcanic front lavas to the west of 164°W. The inset to Figure 12 shows that these data fall on or close to a single trend, with a linear correlation coefficient of 0.88. Falling on or near this trend are lavas from volcanoes built on continental crust, Shishaldin (S), Westdahl (W), and one anomalous lava from Aniakchak (A). The Be-Nd isotope correlation is presumably a mixing trend between mantle and a relatively homogenous sediment component (with respect to Be isotopes), consistent with models in which the variation in Nd isotope ratios reflects the contributions from subducted sediment. Significantly, the implied 10 Be/ 9 Be ratio of the sedimentary end-member is lower than that predicted for subduction of all the Be in the sediment column with a transit time of 3.5 Myr (the time taken for subduction along this oceanic part of the arc from Figure 2b ). The inferred low 10 Be/ 9 Be ratio in the sediment component could be achieved by removal of the upper 10-15% of the incoming sediment, or by storing the subducted sediment in the wedge for an additional $0.5-1 Myr [cf. Turner and Hawkesworth, 1997] . Moreover, given the implied similarity of the Be and Nd isotope ratios of the sediment component along the arc west of about 164°W, it appears that the transport time for the sediment component was also similar along this segment of the arc. Finally, it is worth noting that Bogoslof, behind the volcanic front, and Umnak, its paired volcano at the front, have similar 10 Be/ 9 Be ratios (Bogoslof is 9 Â 10 À11 ; Umnak is 7.5 Â 10
À11
) despite the fact that any path to the rear arc is longer, allowing greater decay in transit. Using the geometry and convergence rates in Figures 1 and  2 , transit time to Bogoslof should be an additional 1.9 Myr longer than to Umnak, assuming 10 Be travels with the slab to a point beneath the volcano, and that mantle transit time is short relative to the Be ratio is similar to the front rather than a factor of two lower (i.e., slightly more than one additional half-life in transit) is striking, and may be explained by a larger sediment contribution to the rear arc, perhaps because sediment melts are focused farther back than the volcanic front and so sediments are more likely to reach their solidus at greater slab depths [Ryan et al., 1995; Plank and Kelley, 2001] . Alternatively, faster transport rates for Be from the slab through the mantle to the surface in the rear arc could explain the high Bogoslof values. The presence of U series disequilibria in the volcanic front lavas and at Bogoslof, however, argues that fluid and magma transport time through the mantle are short relative to the 10 Be half-life.
[42] The second striking observation is that Be is highest where the subducted sediment flux is highest (Figures 2b and 12) [e.g., Langmuir, 1993, 1998 ]. However, in the central Aleutians the flux of sediment depends on its thickness on the down-going plate, not on changes in convergence rate (Figure 2 ). Greater sediment thickness will not increase the 10 Be in the sediment column, unless the increased sediment contribution is younger than about 8 Ma; Figure 2b suggests that variations in sediment thickness are due to the location of transform faults and associated grabens formed early in the history of the incoming plate. The implication is that a larger flux of minor and trace elements are transferred from slab to mantle in this region of thicker sediment pile. This could result from either smaller degree melts of the sediments, with correspondingly higher trace element abundances, or greater volumes of such melts at similar degrees of melting. In this region, the down-going slab is most shallow beneath the volcanic front [England, 2001] ; perhaps an unusual P-T path for the slab through this section of the arc could reconcile the observations.
[43] The flux of 10 Be in arc magmas may be compared with the amount subducted to the depths of magma generation, assuming steady state conditions. Such calculations have been presented for Japan and central America by Morris et al. [2002] . The flux of 10 Be erupted from an arc is controlled by the fraction of the sediment column that subducts to depth and the efficiency with which Be is extracted from the slab and cycled through the mantle. The flux balance is necessarily dependent on magma production rates, which are typically poorly known. Using a mean Be measurements made at University of Pennsylvania Tandem Accelerator Laboratory, uncertainty is 10%, one sigma. Sediment DSDP 183 in Figure 7 , and a magma production rate of 28 km 3 km À1 Myr À1 [Reymer and Schubert, 1984] , the Aleutian arc is erupting $10% of the 10 Be in the total sediment column, once corrected for decay during subduction. This 10 Be recycling efficiency is greater than in Japan and Costa Rica, but lower than in the Marianas or Nicaragua [Zheng et al., 1994; Morris et al., 2002] .
[44] The Be-Nd mixing relations in Figure 12 are consistent with addition of a sediment partial melt. With a 2% melt of the subducting sediment, the range of observed variation can be produced with <2% admixture of the sediment component. However, while Nd and Be are generally considered more compatible in melt than fluid, it is worth considering whether a fluid component alone could produce the observed variations. Using partitioning information from Johnson and Plank [1999] as a guideline, a fluid that has interacted with the sediment column might be expected to contain 0.25 to 0.5 ppm 9 Be, while the sediment melt discussed earlier would have $2 -3 ppm 9 Be. To shift the 10 Be/ 9 Be ratio of the hybridized mantle by the amount required would require <2% sediment melt, but $5 -10% of a fluid component. However, this much fluid would predict U and B concentrations and U/Th ratios in the lavas much higher than those observed.
Fluid Addition and Partial Melting
[45] The elevated concentrations of fluid mobile elements such as Cs and the presence of U/Th ratios higher than those in MORB (or the subducted sediments) (Figure 6 ), are typical of many island arc lavas and provide strong evidence for fluid addition to the source of the Aleutian lavas. However, it is worth noting that the effects of fluid addition are not as easily distinguished from the effects of sediment melts in this arc as they are in many other arcs because of the Ba-, Cs-and U-rich nature of the down-going sediment.
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U excesses peak in the center of the arc (Figure 8a) , and, in the simplest model, this reflects the greater convergence (and thus volatile supply) rate in this region.
[46] Previous studies of whole rock U-Th isotope data have used the base of inclined U-Th isotope arrays to provide an estimate of the integrated time elapsed since U addition by fluids Turner et al., 1997] . The Aleutian data are unusual in this regard because the base of the oceanic array is horizontal, projecting back to an initial Th isotope ratio of 1.3, which is also that of the sediment composition (inset to Figure 6 ). Thus, either the fluid did not contain appreciable Th or, if it did, then it must have had the same ( 230 Th/ 232 Th) ratio as the sediment which would imply that the fluid was derived from the sediment [cf. Class et al., 2000] . The flat base to the U-Th array also implies only a short time (<10 kyr) has elapsed since U addition to the source of these lavas and, if the 226 Ra excesses are similarly attributed to fluid addition [Turner et al., 2001b; Sigmarsson et al., 2002] , then both the 238 U excesses and 226 Ra excesses could reflect fluid addition at similar times. This contrasts with the apparent need for more complex, multistage models to explain the isotope disequilibria data in some other arcs (e.g., Tonga-Kermadec [Turner et al., 2000] ), although large 226 Ra excesses behind the arc front at Bogoslof may still require 226 Ra in-growth in the down-going plate. However, while the time information implied by the base of the oceanic U-Th array is relatively straightforward, less clear is the origin of the higher (   230   Th/ 232 Th) ratios observed in some of the oceanic and many of the continental samples. Thorium230 in-growth during ascent and/or storage of melts is the simplest, but in some ways the least satisfactory, explanation because 226 Ra excesses are preserved in these same lavas. Moreover, this cannot be the explanation for the 230 Th excesses preserved in several of the lavas.
[47] The 230 Th excesses in lavas from divergent and intraplate settings are a hallmark of dynamic, and/or porous flow, decompression melting effects (see Elliott [1997] for a recent review), whereas in island arcs, U and Ra excesses are a feature usually attributed to addition of these fluidmobile elements from the altered ocean crust [Gill and Williams, 1990; McDermott and Hawkesworth, 1991; Turner et al., 2001b] . However, it is also possible that arc rocks with U and Ra excesses have been displaced to higher Tables 2 and 3 . End-member Nd concentration and isotope ratios are given in Figure 9 . The inset shows that the lavas fall on or close to a single trend and when restricted to the lavas from the volcanic front through the oceanic section, the correlation coefficient is 0.88. Lavas from the continental arc that share mixing systematics with the oceanic segment are indicated as S, Shishaldin; W, Westdahl; and A, Aniakchak (one lava only of three measured). The Be-Nd correlation is interpreted as a mixing trend between mantle and a sediment component that is relatively homogeneous with respect to 10 Be. If the lavas are produced through simple admixing of a sediment melt, the implied 10 Be/ 9 Be ratio of the sedimentary end-member is lower than that predicted for complete sediment subduction with a transit time of 3.5 Myr, which is calculated at 83 Â 10 Th isotope ratios by the effects of dynamic partial melting, in which case the challenge is to resolve isotope disequilibria resulting from fluid addition from that produced during partial melting [cf. Bourdon et al., 1999] . The effects of melting on U-Th isotopes are least ambiguous in rocks that have 230 Th excesses, but these are relatively rare in arcs. When 230 Th excesses are observed, they reflect a smaller relative contribution from the fluid component, and they tend to occur on continental margins, perhaps suggesting that the length of the melting column or the thermal effect of the overlying lithosphere may also exert an important control on their development. The 230 Th enriched Alaskan lavas (Figure 6 ) therefore provide a rare opportunity to examine the role of melting-induced U-Th fractionation in arc lavas.
[ [49] In recent partial melting models U-Th isotope fractionation is most sensitive to the rate of passage of peridotite matrix through the melting region. Beneath ridges and ocean islands this equates to the upwelling rate which is directly linked to the melting rate, whereas Ra-Th fractionation is largely controlled by the residual porosity [e.g., McKenzie, 1985; Williams and Gill, 1989; Spiegelman and Elliott, 1993] . Beneath arcs the peridotite matrix may move downward through the melt zone in response to induced convection in the mantle wedge but might also move upward due to localized regions of low buoyancy or if the wedge convection flow pattern curves upward beneath the arc front [e.g., Furukawa, 1993a Furukawa, , 1993b .
[50] A reasonable assumption in the ridge and ocean island models is that the source starts in secular equilibrium, but this is not true for arcs where fluid addition could cause disequilibrium prior to melting. U-Th-Ra fractionation under those conditions has been less well investigated. In Figure 13 we use the equations of Williams and Gill [1989] to explore the consequences of partial melting of a source having a 238 U excess and compare that to the more familiar model of melting of an equilibrium source. [Wood et al., 1999] , moderate 226 Ra excesses are also produced by melting so long as the porosity is similar to or less than D Th ).
[51] For a given set of distribution coefficients, the size of the 226 Ra excesses are controlled by the residual porosity irrespective of whether the source begins in isotope equilibrium or with 238 U excess (Figure 13a) . However, the effects of the velocity of the matrix through the melting region on 238 U-230 Th fractionation are increasingly pronounced as the ( 238 U/ 230 Th) ratio of the source becomes >1 and this results in rotated arrays at a given matrix velocity on the U-Th equiline diagram (Figure 13b ). This is because the relative effects of 230 Th addition resulting from in-growth in the matrix are more pronounced when the source is U-rich and Th-poor (i.e., sources with 238 U excesses). As in the case of melting of an equilibrium source, the effect of dynamic partial melting essentially results in an increase in (  230 Th/   232 Th) and a vertical shift on a U-Th equiline diagram. For source regions in U excess this shift is toward the equiline (Figure 13b ) which leads to a consequent decrease in the amount of disequilibria (i.e., toward lower ( 238 U/ 230 Th) on Figure 13a ). In fact, at very low matrix velocity rates it is possible to cross the equiline to produce magmas with 230 Th excess from a source originally in 238 U excess ( Figure 13 ). Thus, while this is by no means intended as an exhaustive treatment of the effects of partial melting beneath arcs [see also Bourdon et al., 1999; Thomas et al., 2002] , the implications are potentially quite profound. For example, partial melting of U excess sources can produce inclined arrays [Elliott et al., 2001 ] that have traditionally been interpreted to reflect the time elapsed since U addition by fluids and independent information may be required to distinguish between these two interpretations [e.g., Pa isotopes, Bourdon et al., 1999] . For the Alaska-Aleutian lavas, the effects of dynamic partial melting could explain both the samples that have ( 230 Th/ 232 Th) ratios >1.3 and the samples with 230 Th excesses; this also raises the possibility that the relatively small 226 Ra excesses in this arc are entirely due to partial melting rather than fluid addition [cf. Turner and Hawkesworth, 1997] . If correct, our data imply matrix flow through the melting region on the order of several centimeters per year and residual porosities between 0.02 and 0.002%. It is intriguing that such figures are similar to the upwelling rates and porosities inferred for ridges and ocean islands [e.g., Sims et al., 1999] , but decreasing the rate of flow of matrix through the melting region has a similar effect to expanding the length scale of the melting region, or decreasing the accumulated melt fraction at a constant residual porosity.
Tectonic Controls on Along-Arc Variation in Magma Composition
[52] The analyzed lavas reveal that contributions from different source components vary more or less systemati-ECV cally with changes in plate tectonic configuration along the arc. For example, Th and Nd isotopes require variable 1-3% sediment addition to Alaska-Aleutian mantle sources. This depends on the position along the arc, and the supply of slab-derived elements, which is greatest in the center of the arc. Th/Nb and Th/Nd ratios are also higher in the center of the arc, and since these have been attributed to partial melting of the subducted sediments, it appears that the slab was hot enough for the subducted sediments and possibly basalts (see below) to melt only between 165°W and 185°W. This constrains the thermal structure and suggests that the slab surface temperatures are cooler to the east and near west (excluding the zone of slab tearing in the far west).
[53] Slab surface temperatures depend on convergence rate, plate thermal structure, and mantle viscosity [Davies and Stevenson, 1992; Peacock, 1996] , and thermal evolution of the wedge is governed by competition between the cooling effects of the down-going plate and advection of warmer mantle into the wedge [Kincaid and Selwyn Sacks, 1997] . Because the dip of the Pacific slab steepens from east to west along the Alaska-Aleutian arc, the thermal structure of the wedge and slab will also change. Corner flow is inhibited where the plate has the shallowest dip, and higher wedge temperatures occur where the plate dip is steepest, in the center of the arc [Creager and Boyd, 1991] . Because wedge temperatures are highest here, so too will be the slab surface temperatures, assuming the slab and wedge are thermally coupled. In keeping with our observations, this would predict that sediment melts will most likely occur in the center of the Aleutian arc.
[54] As noted by Johnson and Plank [1999] , the central arc slab surface temperatures required for sediments to melt at suitable pressures are significantly higher than those predicted by most current geodynamic models [e.g., Davies and Stevenson, 1992; Peacock, 1996] . Our data require a small (1 -3%) addition of a melt component (either sediment, basalt, or both) from the subducting plate in the central Aleutians. Because the inferred degree of melting of this component is very small, the temperatures are also constrained to be close to the solidus of the relevant material. Thus, if there is a 1% contribution of melt from the subducted basalt in the central Aleutians (see Figure  11a ) this requires slab surface temperatures of the order of $740°C, based on the fluid-saturated solidus for basalt inferred at 3 GPa [e.g., Schmidt and Poli, 1998 ]. However, because the subducted basalt is thermally insulated by the overlying sediment cover, the sediment is likely to melt first and also to a greater extent for a given slab surface temperature. Moreover, the Be isotope data suggest that it may only be the sediment which melts. Thus, if there is only a narrow P-T space in which the altered oceanic crust dehydrates while the overlying sediments melt, as suggested by Nichols et al. [1996] , this would provide a very tight constraint on the thermal structure of the wedge (670-740°C at 3 GPa). Unfortunately, the location of the solidus for subducted sediment is more variable than that of hydrated basalt, due to the larger range in bulk composition and possibly oxygen fugacity. For example, while Nichols et al. [1996] determined the solidus for a red pelagic clay to be $670°C at 3 GPa, Johnson and Plank [1999] 
À5
. The dimension of the melting region is 70 km, and the total extent of melting is 12%.
Therefore the full thermal implications of our data may require refinement by further experimental work. It remains possible that sediment melts are generated at greater depths ($200 km), where they would be closer to the sediment solidus and only incorporated where steep subduction geometries allow them to be focused into the arc magma melt zone Plank and Kelley, 2001] . This is supported by the enhanced sediment signal at Bogoslof behind the arc front, but such a model would not seem to predict the observed systematic along-arc variations.
[55] Assuming that the altered oceanic crust has an approximately constant water content, the smooth alongarc variations in orthogonal convergence rate will lead to a greater fluid supply per unit time in areas of fastest subduction. This is consistent with the observation that the relative effects of fluid addition, as measured by the size of 238 U excess, mirrors the convergence rates ( Figure  8a ). It also highlights how in this arc the fluid flux and contributions from melted sediment are both greater in the center of the arc. More strikingly, the volcanic output appears to follow a similar pattern (Figure 2a ) and so there is good evidence for a direct link between the rate of fluid supply (based on convergence rate and inferred from the size of 238 U excess) and magma output along the AlaskaAleutian arc. This is consistent with fluid-fluxing being the principle control on melt production beneath arcs. It is interesting, therefore, that this same arc also provides some of the clearest evidence for dynamic melting effects in the lavas with 230 Th excesses (section 5.4) and, by analogy, for those with ( 230 Th/ 232 Th) activities greater than 1.3 (see Figure 13 ).
[56] Figure 13b highlights that the field for the continental volcanic rocks includes samples both in 230 Th excess and those displaced to higher (  230 Th/   232 Th) values than those from the oceanic sector. As discussed above, this requires some sort of dynamic melting process in which melt and matrix flow through the melting region at different velocities; there are two alternative interpretations. In principle, this could be due to downward directed flow of the peridotite matrix through the melt zone and the effects of flux-melting on U series disequilibria under these conditions has recently been modeled by [Thomas et al., 2002] . However, the flux-melting model predicts that the effects of melting will be enhanced in areas of slow convergence rate because those will be areas of lowered fluid flux (i.e., less U addition) and slow matrix flow, which will allow greater time for daughter nuclide in-growth [Thomas et al., 2002 ]. Yet we do not observe 230 Th excesses in our western Aleutian samples, where fluid flux should be restricted and matrix flow slowest (Figure 8a) . Moreover, the base of the oceanic lava array is flat which seems to allow little scope for Th isotope shifts due to melting effects in those lavas. Instead, the evidence for melting of the sediments and a melting effect on U-Th disequilibria at different places along the arc, combined with this apparent relationship to the nature of the overlying lithosphere, leads us to infer a link to the local thermal structure and/or length of the melting region. Therefore we end by considering whether a component of matrix upwelling beneath the arc, as suggested by Bourdon et al. [1999] for the Tonga-Kermadec arc, might provide a valid alternative explanation for the 230 Th excesses in Alaska. This has the added attraction that it would reconcile previous major and trace element evidence for decompression melting beneath arcs [Plank and Langmuir, 1988; Pearce and Parkinson, 1993] . Recent temperature-dependent viscosity models predict that the pattern of mantle convection will have a component of upward flow beneath the arc [e.g., Furukawa, 1993a Furukawa, , 1993b . One of the attractive aspects of these models is that they predict much higher slab-wedge interface temperatures than many current geodynamic models and so can simultaneously resolve the problem of how to facilitate partial melting of the sediments. The rate of upwelling will also be influenced by local thermal gradients and/or the presence of melt or volatiles [Brémond d'Ars et al., 1995] . In the Alaska-Aleutian arc, the presence of a thicker lithospheric lid and the shallower angle of subduction in Alaska could lead to a cooler wedge, greater mantle viscosity and slower upwelling and melting rates beneath the continent. This model will be tested by a detailed study of 231 Pa-235 U disequilibria along the arc.
Concluding Remarks
[57] The Aleutian-Alaskan lavas capture, in a recent time slice of similarly evolved magmas, the way in which the processes of melt generation vary systematically in response to smooth, arc-wide changes in plate tectonic configuration. It has been argued that the Aleutian arc is an exemplar of melts derived from subducted lithospheric sources, and yet the new analyses on the youngest arc lavas show no positive evidence for basaltic crustal melt involvement. From this we suggest that the conditions responsible for the production of such distinctive melts are probably restricted to the far western portion of the arc [Yogodzinski et al., 2001] . Either way, sediment (±basalt) melting is restricted to the center of the arc encompassed by our study, thereby placing stringent constraints on the thermal structure of the slab. Such conditions require slab surface temperatures in the region of 650-740°C which are significantly hotter than those inferred from current thermal models for subduction zones [cf. Johnson and Plank, 1999; Kelemen et al., 2003 ]. The inferred low 10 Be/ 9
Be ratio in the sediment component could be achieved by accretion of the upper 10-15% of the incoming sediment, or by storing the subducted sediment in the mantle wedge for $1.5 Myr. Correlations between orthogonal convergence rate, subaerial volcano volume [Fournelle et al., 1994] , and the magnitude of 238 U excesses along the arc suggest that the amount of magma produced depends on the size of the fluid flux supplied to the wedge. Additionally, there is an observable melting effect on U-Th disequilibria which becomes increasingly pronounced from the oceanic to the continental arc regime. The transition from oceanic to continental arc therefore provides a unique window into the interplay between fluid-fluxed and melting driven disequilibria. We suggest that the generation of sediment melts in the center of the arc together with the dominance of a melting effect on U-Th fractionation farther east beneath Alaska are both consequences of the change from fast and steep to shallow and slow plate subduction. Combined with increasing lithospheric lid thickness these tectonic factors together control the slab and wedge temperatures and matrix flow rates through the melting region along the arc.
